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Introduction: Statins are a type of drugs that are used to lower cholesterol level in blood. 
Since the early 1990s, it has been known that statins could be beneficial in cancer therapy. 
However, data remain controversial, especially regarding estrogen receptors status. Despite 
many studies in breast cancer models in vitro, the correlations of effects of separate statins in 
various model systems remain unclear.
Aim: Our aim was to evaluate the anticancer activity of lovastatin, mevastatin, pitavastatin 
and simvastatin on different subtypes of human breast cancer (MDA-MB-231 and MCF-7 
cell lines) in spatially different 2D and 3D cultures in vitro.
Materials and Methods: Cell viability was tested using MTT assay. Effect of statins on 
cell colony formation was evaluated by calculating breast cancer cell colony area and 
number. The effect on cell migration was estimated by “wound healing” assay. The activity 
of compounds in 3D cultures was evaluated by measuring the spheroid size changes during 
incubation.
Results: Among the tested statins, pitavastatin had the greatest effect on the viability of 
breast cancer MDA-MB-231 and MCF-7 cell lines. The mevastatin and pitavastatin mostly 
decreased the MDA-MB-231 and MCF-7 cell colony formation. All statins at 90% of their 
estimated effective concentration (EC50) and simvastatin at 10% of its EC50 concentration 
suppressed the MCF-7 cells migration in “wound healing” assay. Only higher concentrations 
of mevastatin and pitavastatin slowed down the MDA-MB-231 cell migration. Statins 
showed different activity on 3D cell cultures growth. Lovastatin and simvastatin delayed 
the growth of MDA-MB-231 cell spheroids, while mevastatin and pitavastatin reduced the 
growth of MCF-7 spheroids.
Conclusion: Statins possess different anticancer activity in human breast cancer MDA-MB 
-231 and MCF-7 cell cultures. Pitavastatin and simvastatin showed the highest activity in 
most tested assays, especially against MCF-7 cell line.
Keywords: statins, breast cancer, cell viability, cell migration, tumor spheroid, cell colonies

Introduction
Breast cancer is the most common cancer among women all over the world.1 

Mastectomy and chemotherapy increase the survival of patients, but there always 
will be a limitation for the improvement of treatment without profound knowledge 
about the disease.2 Comprehensive analysis indicates that breast cancer subtypes 
have significant differences in pathway activity, progression, and response to 
medication.3 Breast cancer according to the status of estrogen receptor (ER), 
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progesterone receptor (PR) and human epidermal growth 
factor receptor 2 (HER2) can be classified into Luminal A, 
Luminal B, HER2 positive and Basal-like subtypes.4 ER 
status is used as an indicator of endocrine responsiveness 
and as a prognostic factor for early recurrence in clinical 
trials. ER-positive tumors (ER+) compose most breast 
cancer cases, calculating for up to 75% of all cases espe-
cially in postmenopausal women.5

Statins are a type of drugs that are used to lower 
cholesterol level in blood. Their mechanism of action is 
related to the inhibition of an enzyme known as 
3-hydroxy-3-methyglutaryl CoA (HMG-CoA) reductase. 
Statins have pleiotropic effects by inhibiting mevalonate 
pathway and having an impact on cell membrane integrity, 
signaling, protein synthesis, and cell cycle progression.6 

Since the early 1990s, it has been known that statins could 
be successfully used in cancer therapy. The latest studies 
show that statins beside their cardiovascular effects exert 
desirable benefits for immunomodulation in autoimmune 
diseases and organ transplantation and prevent cancer 
growth.7 They show different effects depending on the 
cell line, statin concentration, duration of exposure of 
cells to statins and the type of statin being used.8,9 

Furthermore, statins exert pro-apoptotic, anti-angiogenic, 
and immunomodulatory effects, which may inhibit cancer 
growth. Statins may prevent the growth of a variety of 
cancer cell types, including breast, gastric, pancreatic, and 
prostate carcinoma, neuroblastoma, melanoma, mesothe-
lioma and acute myeloid leukemia cells.10 Cell incubation 
with statins induce the changes in cell cycle and apoptosis. 
After treatment of HMG-CoA inhibitors many apoptotic 
cell mechanisms are stimulated.11 In addition, statins used 
together with chemotherapeutic agents such as 5-fluorour-
acil, cisplatin and doxorubicin, increase their anticancer 
activity.12 Nonetheless, the more thorough analysis of 
statins’ mechanism of action should be done to improve 
the survival of women.13

We decided to analyze the activity of four lipophilic 
statins: lovastatin, mevastatin, pitavastatin and simvastatin. 
Lipophilic statins have been shown to have anticancer 
activity, whereas the hydrophilic rosuvastatin and pravas-
tatin have little or no effect on cancer cells.14,15 This 
phenomenon is explained by the fact that lipophilic statins 
cross cell membranes more easily and therefore enter 
tissues better.16 Hydrophilic statins have also been found 
to be more hepatoselective, and the lipophilic ones prefer 
to enter tissues other than the liver.17 This property of 
lipophilic statins could be favorable when they are used 

at high doses for a longer period that is usually required 
during the cancer treatment.

As a model system, we chose two different cancer sub-
types: MCF-7 (Luminal A, ER+, HER2-) and very invasive, 
triple negative MDA-MB-231 (ER-, HER2-).18 Luminal 
A subtype is responsive to hormone therapy when basal- 
like subtype is more aggressive and metastatic that makes it 
very difficult to treat.19 It is known that about 70% of all 
metastatic breast cancer patients have metastasis in bones 
and MDA-MB-231 cell line is more metastatic than MCF-7, 
therefore often used for research of breast cancer 
metastasis.20,21 In some earlier studies it was shown that 
cell lines which are ER- could be more sensitive to 
statins,13 but the preventive value of statins was observed 
in patients with ER+ tumors.22 However, data remain con-
troversial, as in a recent clinical trial there was no association 
found between the used statin and ER status in tumor 
tissue.23

We decided to test the effect of statins in 3D co- 
cultures made from cancer cells and fibroblasts that better 
resemble tumor features in vivo. Using only 2D cultures 
often leads to false positive results that later turn out to be 
inefficient in the human body.24,25 Meanwhile, compound 
testing in cell 3D models reveals a more realistic drug 
response, captures phenotypic heterogeneity and better 
mimics the tumor microenvironment. Thus, we expected 
to reveal the differences of selected statin activity in 
human breast cancer cell lines of different subtypes and 
also to evaluate their effects in spatially different cancer 
2D and 3D models in vitro. Furthermore, most experi-
ments have been done when comparing the effects of 
several statins used at the same concentration, not taking 
too much attention to the variable compound effect on cell 
viability. In our studies, we decided to use statin concen-
trations at the same level from their half-maximal effective 
values (EC50), in order to find their effects by excluding 
the factor of cell viability reduction.

Materials and Methods
Materials
Lovastatin and mevastatin were purchased from Alfa 
Aesar (Ward Hill, MA, USA). Pitavastatin calcium and 
simvastatin were bought from Abcam (Cambridge, UK).

Cell Cultures
The human breast cancer MDA-MB-231 and MCF-7 cell 
lines were obtained from the American Type Culture 
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Collection (ATCC, Manassas, VA, USA). Human foreskin 
fibroblasts (HF) CRL-4001 were originally obtained from 
ATCC and kindly provided by Prof. Helder Santos 
(University of Helsinki, Finland). MDA-MB-231, MCF-7 
and HF were cultured in Dulbecco’s Modified Eagle’s 
GlutaMAX medium (Gibco (Carlsbad, CA, USA)). 
Medium was supplemented with 10,000 U/mL penicillin, 
10 mg/mL streptomycin (Gibco), and 10% fetal bovine 
serum (Gibco). Cells were incubated at 37°C in 
a humidified atmosphere containing 5% CO2. They were 
used until the passage of 20.

Cell Viability
Cell viability was tested using 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich Co., 
St Louis, MO, USA) assay, as described elsewhere.26 Briefly, 
MDA-MB-231 and MCF-7 cells were seeded in 96-well 
plates (Corning) in a volume of 100 μL (5 × 103 cells/well). 
After 24 hours preincubation, the cells were treated with 100 
μL of various concentrations of statins. Only medium with-
out cells was used as a positive control, and the medium with 
0.5% DMSO (Sigma-Aldrich Co.) served as a negative con-
trol. After 72 hours the cells were incubated with the 0.5 mg/ 
mL of MTT solution (Sigma-Aldrich Co.) for the next 4 
hours. The colored formazan product was dissolved in 100 
μL DMSO (Sigma-Aldrich Co.). The absorbance was mea-
sured spectrophotometrically at wavelengths of 570 and 630 
nm. EC50 values that represent the concentration of 
a compound causing 50% reduction of cancer cell metabolic 
activity has been calculated using the Hill equation.

Cell Colony Formation
MDA-MB-231 and MCF-7 cells were seeded into 12-well 
plates (Corning) at a density of 100 cells/well in 2 mL of 
medium and treated with of statin concentrations repre-
senting 10% and 90% of calculated EC50 value. Cells were 
incubated in a humidified atmosphere containing 5% CO2 

at 37°C and grown for 12 days. After incubation, the cells 
were rinsed with phosphate-buffered saline (PBS, Gibco) 
and fixed with 4% paraformaldehyde (Thermo Fisher 
Scientific, Waltham, MA, USA) solution for 20 minutes. 
Then the cells were rinsed with PBS two more times, 
stained with 0.1% aqueous crystal violet solution (Sigma- 
Aldrich Co.) for 15 minutes, followed by rinses with 
sterile deionized water to remove the excess dye. Photos 
of colonies were taken using G:BOX gel documentation 
system (Syngene International Ltd, Bengaluru, India) and 
Genesys software (Syngene International Ltd). The colony 

numbers and percentage area were calculated by 
GeneTools software (Syngene International Ltd). Cell col-
ony area and number in control groups was normalized to 
100%. The percentage of drug-treated colony area and 
number were compared to the control.

Cell Migration
MDA-MB-231 and MCF-7 cells were seeded into 24-well 
plates (Corning) at a density of 500,000 cells/well in 500 
μL of medium and incubated in a humidified atmosphere 
containing 5% CO2 at 37°C for 1 day. Then the mono-
layers were scratched with a sterile 100 μL pipette plastic 
tip in the center of the well. The old medium was changed 
for the fresh one containing statin concentrations repre-
senting 10% and 90% of calculated EC50 values. Images 
of “wounds” were taken every 24 hours for 3 days and the 
effect was evaluated by measuring the size of the “wound” 
area using ImageJ software (National Institutes of Health).

Spheroid Growth
Spheroids were formed from MDA-MB-231 and MCF-7 cells 
and fibroblast (1:1) by 3D Bioprinting method. The cells were 
magnetized by adding nanoparticles NanoShuttle (Nano3D 
Biosciences Inc., Houston, TX, USA) for 8–10 hours. Once 
magnetized, the cells were resuspended and seeded into ultra- 
low attachment 96-well plates (Corning) in a volume of 100 
μL (2,000 breast cancer cells and 2,000 human fibroblasts per 
well). The plates were placed on a magnetic drive and incu-
bated in a humidified atmosphere containing 5% CO2 at 37°C 
until spheroids were formed. After 2 days of incubation, the 
photos of spheroids were taken using phase-contrast micro-
scopy, and the medium was replaced by the fresh medium 
containing 10% and 90% EC50 of statin solutions. Photos were 
taken every 48 hours and the medium was replaced every 96 
hours. The effect of statins in 3D breast cancer cell cultures 
was determined by measuring the size change of spheroids 
using ImageJ software.

Statistical Analysis
All experiments were repeated at least three times, calcu-
lating the mean and standard deviation. The data was 
processed using Microsoft Office Excel 2016 software 
(Microsoft Corporation, Redmond, WA, USA) and IBM 
SPSS Statistics version 26.0 package. The level of statis-
tical significance was set at p < 0.05. In order to determine 
significant differences between values, analysis of variance 
(ANOVA) followed by a Tukey post-hoc test was 
performed.
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Results and Discussion
Statins Reduce the Viability of Breast 
Cancer Cells
All tested statins showed from 3 to 11 times greater anti- 
proliferative effect on MDA-MB-231 than MCF-7 cell line 
(Figure 1). According to Litzenburger, the different breast 
cancer subtypes require the different treatment. MDA-MB 
-231 is an ER-negative subtype which is mostly affected by 
cell growth and progression inhibitors such as statins.27 

Mueck et al28 also found that MDA-MB-231 cell viability 
is affected by lower concentrations of lipophilic statins than 
the MCF-7 cell line.28 However, the obtained EC50 values 
were much lower than those against normal human 
fibroblasts,29,30 that could allow us to prove again that statins 
are more selective towards cancer cells than the normal ones.

The most effective compound in both cell lines after 72 
hours was pitavastatin (EC50 values in MDA-MB-231 and 
MCF-7 cell lines were 0.24 ± 0.04 and 2.23 ± 0.12 µM, 
respectively). The obtained results can be explained by the 
ability of statins to inhibit the enzyme HMG-CoA reductase: 
pitavastatin has the highest inhibitory activity, simvastatin, 
lovastatin has a slightly lower activity, and mevastatin has the 
weakest effect.31,32 Istvan also found that type II statins, which 
include pitavastatin, form more bonds with HMG-CoA reduc-
tase, which enhances their inhibitory effect compared to type 
I statins, which include the other compounds tested, 

mevastatin, lovastatin and simvastatin.33 Saito et al34 assumed 
that because of its unique structure (heptenoate as the basic 
structure, quinoline ring at the core and side chain has fluor-
ophenyl and cyclopropyl moieties) pitavastatin could show an 
optimal activity as a HMG-CoA reductase inhibitor.34 

Moreover, Paškevičiūtė et al35 found that pitavastatin also 
had the highest effect among other statins in pancreatic cancer 
cell lines.35

For further research, we chose to use the concentrations 
of compounds equal to 10% and 90% from their calculated 
EC50 values, in order to avoid the possible misinterpretation 
of other effects in clonogenic and migration assays due to 
different possible effects on cell viability.

Statins Suppress the Breast Cancer Cell 
Colony Formation
MCF-7 colonies grew bigger than MDA-MB-231 after 12 
days of incubation with tested statins (Figure 2A). All com-
pounds reduced the MDA-MB-231 and MCF-7 number of 
colonies (Figure 2B). Furthermore, all the statins statistically 
significantly decreased the area of colonies (except 10% of 
EC50 lovastatin in the case MDA-MB-231 cell line) 
(Figure 2B).

Higher concentrations (90% of EC50 values) of mevastatin 
and pitavastatin showed the greatest effect on reducing the 
MDA-MB-231 and MCF-7 cell colony formation. 
Kanugula,36 in his experiments used 5 μM concentration flu-
vastatin, which is a synthetic compound like pitavastatin. He 
found out that this compound reduced the number of MDA- 
MB-231 colonies four times more compared to the control.36 

In addition, Cheng et al37 determined that 2.5 μM fluvastatin 
reduced the number of MCF-7 colonies up to 25%.37 

Moreover, Jung et al38 used 0.1 μM concentration simvastatin 
in both MDA-MB-231 and MCF-7 cell lines. This compound 
was 3 times more effective on MDA-MB-231 colony 
formation.38 Buranrat et al39 found that simvastatin reduced 
MCF-7 colony formation by increasing compound concentra-
tions from 2.5 to 50 µM, respectively.39 The results we 
obtained show that increasing the concentration of all tested 
statins increases their effect on breast cancer cell colony for-
mation. However, except for pitavastatin, no significant big 
differences between different tested statins was observed in 
both cell lines.

Statins Reduce the Migration of Breast 
Cancer Cells
The lower concentration (10% of EC50 values) of the 
tested compounds (except simvastatin in MCF-7 cell 

Figure 1 Activity of statins on cell viability. The EC50 values of lovastatin, mevas-
tatin, pitavastatin and simvastatin after 72 hours in breast cancer MDA-MB-231 and 
MCF-7 cell lines. Bars marked with different letters indicate statistically significant 
differences (p < 0.05) within the same category. 
Abbreviations: EC50, half maximal effective concentration; LOVA, lovastatin; 
MEVA, mevastatin; PITA, pitavastatin; SIMVA, simvastatin.
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line) did not have a significant effect on breast cancer cell 
migration. Furthermore, MDA-MB-231 cells was more 
migrant and also less affected by statins than MCF-7 
cells. Gordon et al40 found out that MDA-MB-231 is 
a more invasive cell line than MCF-7, and it depends on 
the expression of ER and adhesion molecules.40

All higher concentrations (90% of EC50 values) of 
compounds, especially pitavastatin, inhibited MCF-7 cell 
migration (the size of the “wound“ reached up to 36.19 ± 
6.85%) (Figure 3A). Only higher concentrations of mevas-
tatin and pitavastatin decreased the migration of MDA- 
MB-231 cells (the size of the “wound” area was about 
20% bigger than in control group). “Wounds” treated by 
lovastatin and simvastatin fully closed after 72 hours 
(Figure 3B). Mandal et al41 used 5 µM concentration of 

simvastatin in MDA-MB-231, which was higher than our 
0.27 µM concentration, and successfully inhibited the 
migration of the cells after 12 hours.41

Interestingly, despite statins being up to five times 
more effective in MTT assay against MDA-MB-231 cells 
compared to MCF-7 cell line, in the “wound healing” 
assay the results were totally opposite. As we used rela-
tively normalized concentrations to the EC50 values, we 
could expect to avoid the compound influence on cell 
viability and see only the effect on cell migration. All 
tested statins at higher concentrations possessed a very 
similar effect on MCF-7 but not MDA-MB-231 cell 
migration. Pitavastatin and mevastatin significantly 
inhibited cell migration to the “wound” area compared to 
others, thus we could hypothesize that the anti-migrastatic 

Figure 2 Effect of statins on colony formation. (A) Photos of cell colonies formed after 12 days of treatment with 90% of EC50 values of statins. (B) Average number of 
colonies treated with the compounds and the percentage of area covered by cancer cell colonies. The asterisks (*) indicate p<0.05 compared to control. Bars marked with 
different letters indicate statistically significant differences (p < 0.05) within the same category. 
Abbreviations: EC50, half maximal effective concentration; LOVA, lovastatin; MEVA, mevastatin; PITA, pitavastatin; SIMVA, simvastatin.
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effect of these two compounds is related to some other 
mechanisms.

Several researchers have also suggested that statins 
could take a role in cancer cell migration and invasion 
by preventing the cholesterol synthesis.42 It is known that 
cholesterol takes part in cancer progression and some 
cancer cell types have a higher content of cholesterol in 
their membranes.43 Statins also can inhibit the steroid 
synthesis and thus reduce the risk of breast and other 
types of cancer that are related to the elevated concentra-
tions of oxysterol.44,45

Statins Effect on 3D Cultures (Spheroids)
Nowadays 3D cultures are widely used to study the effect 
of new compounds.46 In our research breast cancer cells 
were mixed with fibroblasts to better represent the tumor 
microenvironment in vivo. Fibroblasts play a major role in 
tumor development, progression, angiogenesis, induction 
of metastasis, and suppression of the immune response.47

MDA-MB-231 spheroids formed compact 3D struc-
tures in 2 days (Figure 4A). MCF-7 spheroids were bigger, 
had uneven edges and grew only after 4 days (Figure 4B).

Statins showed different activity on 3D cell cultures 
growth. The higher used concentration of lovastatin and 
simvastatin delayed the growth of MDA-MB-231 cell spher-
oids (Figure 4C), while mevastatin and pitavastatin at higher 
concentrations reduced the growth of MCF-7 spheroids 
(Figure 4D). Other researchers also established that the 
same dose of statin has a bigger effect on MDA-MB-231 
than MCF-7 3D cultures.48 The MCF-7 spheroids incubated 
with lower concentrations (10% of their EC50 values) of 
lovastatin and mevastatin, became even looser compared to 
the control group. It could mean that the higher concentration 

is related more to the cytotoxic effect of statins and spheroids 
become smaller, and relatively lower concentration of com-
pounds produce the effects more related to cell-cell adhesion. 
Interestingly, all tested statins did not contribute to the 
“spheroid disintegrating” effect in the case of MDA-MB 
-231 spheroids. We hypothesize that possibly different con-
centrations of statins induce different mechanisms of actions 
in these two cell lines.

Figure 3 Activity of statins on cell migration. (A) The percentage of “wound” area after 72 hours treatment with statins in MCF-7 cell line. (B) The percentage of “wound” 
area after 72 hours treatment with statins in MDA-MB-231 cell line. Arrows mark the “wounds” that “closed” completely. The asterisks (*) indicate p<0.05 compared to 
control. Bars marked with different letters indicate statistically significant differences (p < 0.05) within the same category. 
Abbreviations: EC50, half maximal effective concentration; LOVA, lovastatin; MEVA, mevastatin; PITA, pitavastatin; SIMVA, simvastatin.

Figure 4 Effect of statins on 3D cultures. (A) MDA-MB-231 spheroids at day 0 and 
8 of experiment, with higher concentration of statins. (B) MCF-7 spheroids at day 0 
and 4 of experiment, with higher concentration of statins. (C) The relative size 
change of MDA-MB-231 spheroids compared to the control group after 10 days 
incubation with statins. (D) The relative size change of MCF-7 spheroids compared 
to the control group after 6 days incubation with statins. The asterisks (*) indicate 
p<0.05 compared to control. Bars marked with different letters indicate statistically 
significant differences (p < 0.05) within the same category. 
Abbreviations: EC50, half maximal effective concentration; LOVA, lovastatin; 
MEVA, mevastatin; PITA, pitavastatin; SIMVA, simvastatin.
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In our study, we found out the different effect of statins 
in 2D and 3D breast cancer cultures. As expected, the 
compounds were more active in cell monolayers than in 
spheroids. Higher concentrations (90% of EC50 values) of 
statins only up to 10–20% reduced the actual spheroid size 
at the end of the experiment (after 6 and 10 days of 
incubation with compounds), and in the case of MCF-7 
spheroids in some groups they became even bigger 
(Figure 4D).

There are some evidences, that statins do not produce the 
same effect in different cancer cell types. Due to their partici-
pation in the farnesylation process, the inactive forms of Ras, 
Rac and Rho proteins are found inside the cells.49 Highly 
invasive cell line MDA-MB-231, which is characterised by 
overexpression of RhoA and constitutive activation of Ras, 
was shown to be much more sensitive to cerivastatin treatment 
compared to the MCF-7 cell line (when not over-expressing 
RhoA). Also, similar correlations were estimated in some 
other cell lines.50 Another correlation was found between the 
level of NF-κB and sensitivity to statins in different types of 
breast cancer cell lines: MDA-MB-231 (the highest level), 
SKBR3 (moderate level), and MCF-7 (the lowest level).14 It 
could mean that statins or their derivatives could find their 
niche in cancer therapeutics, especially in more aggressive 
tumor types or in combinations with marketed anticancer 
drugs in order to prevent metastasis.

Conclusion and Future Directions
There is still a need to clarify whether statins could be 
beneficial in oncology. Some studies have reported 
a reduction in cancer-related mortality among statin users, 
but there are many controversies. In our research, statins 
possessed different anticancer activity in human breast can-
cer MDA-MB-231 and MCF-7 cell cultures in 2D assays 
(cell viability, clonogenic and “wound healing” assays). 
Pitavastatin and simvastatin showed the highest activity in 
most tested assays, especially against MCF-7 cell lines. 
Despite a much greater effect in the MCF-7 cell monolayer, 
all statins did not show much higher activity in MCF-7 
spheroids compared to MDA-MB-231 3D cultures. 
Moreover, their effect in tumor spheroids was different 
between each other and also varied at different concentra-
tions. Also, despite statins being more active in the MDA- 
MB-231 cell line in the viability assay, they produced 
a higher anti-migrastatic effect in MCF-7 cell line. 
Mevastatin and pitavastatin more strongly inhibited MDA- 
MB-231 cell migration compared to lovastatin and simvas-
tatin, though their activity in 3D cultures was not high. The 

effect that contributes to spheroid disintegration and migra-
tion could be studied more thoroughly and it could contribute 
to a more detailed description of statin mechanism of action.
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